Abstract-Wireless capsule endoscopy (WCE) systems are used to capture images of the human digestive tract for medical applications. The antenna is one of the most important components in a WCE system. In this paper, we present novel small antenna solutions for a WCE system operating at the 433 MHz ISM band along with a link budget analysis. The in-body capsule transmitter uses an ultrawideband outer wall conformal loop antenna, whereas the on-body receiver uses a printed monopole antenna with a partial ground plane. A colonequivalent tissue phantom and CST Gustav voxel human body model were used for the numerical studies of the capsule antenna. The simulation results in the colon-tissue phantom were validated through in vitro measurements using a liquid phantom. According to the phantom simulations, the capsule antenna has −10 dB impedance matching from 309 to 1104 MHz. The ultrawideband characteristic enables the capsule antenna to tolerate the detuning effects due to electronic modules in the capsule and due to the proximity of various different tissues in gastrointestinal tracts. The same design methodology was applied to on-body antennas followed by in vitro and ex vivo measurements for validation. The on-body antenna exceeds −10 dB impedance matching from 385 to 502 MHz both in simulations and measurements. The path loss for the radio link between an in-body capsule transmitter and an on-body receiver using our antenna solutions, in simulations and measurements, is less than 50 dB for any capsule orientation and location, ensuring sufficient signal level at the receiver, hereby enabling an improved capsule endoscope.
I. INTRODUCTION
W IRELESS capsule endoscopy (WCE) is used to record images of the digestive tract for medical applications [1] , [2] . In this technique, the patient swallows a small capsule with an embedded camera. The capsule moves through the gastrointestinal (GI) tract and captures images, which are transmitted to a receiver unit outside the body of the patient. A physician interprets these images either in real time or offline. The ability to transmit high-quality images at a high framerate is limited by the signal-to-noise ratio (SNR) of the radio link between the in-body capsule and the on-body or offbody receiver. An improved WCE needs antenna systems that realize lower path loss. The path loss inside human tissue is generally smaller at lower frequencies and it has been shown that in practice the optimal operating frequency for the radio link between in-body transmitter and external receiver is around 450 MHz [3] , [4] . In [5] , the path loss requirement for an improved WCE system, i.e., with a capacity of 2.0 Mbps enabling the transmission of six high-quality images per second, is derived through link budget analysis at 400 MHz. Transmit power was given in effective isotropic radiated power (EIRP) without considering realistic antennas. Another work in the framework of IEEE 802.15.6 standardization [6] demonstrated the link margin for a specific physical layer under a fixed path loss. Neither of these papers considers the effect of realistic in-body antennas on the path loss.
A. Review of Radio Link Studies
Many studies exist on the radio link of WCE systems (see [7] - [18] ). The in-body-to-on-body (IB2OB) link models discussed in [10] and [13] - [15] consider frequencies above 1 GHz, leading to higher path loss compared to below 1 GHz. In addition, [7] - [13] and [18] present IB2OB radio links, where the outside-body antenna is not in contact with the body. Placing the receiving antenna close to the human abdomen instead of further away achieves a smaller path loss [19] . Radio links operating at 402, 868, and 2400 MHz are discussed in [16] . However, the paper considers unrealistically large antenna systems for practical WCE systems. In [17] , a WCE operating at 433 MHz is presented without specific information about the on-body antenna. Finally, no paper reports robust antenna systems for WCE that work reliably at various positions and orientations of the antennas. It has been reported that in-body antenna positions and orientations impact the link path loss [20] - [23] . This paper provides a novel antenna system and a comprehensive analysis of link path loss based on the antenna system. Our antenna system shows very low path loss, enabling the improved WCE discussed in [5] . For practical reasons, we choose the 433 MHz industrial, scientific and medical (ISM) system band for our design.
B. Review of In-Body Capsule Antennas
The in-body antenna needs to be fitted into a small capsule, and the bandwidth requires to be wide enough to overcome 0018-926X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. I   COMPARISON OF REPORTED CAPSULE ANTENNAS IN THE LITERATURE OPERATING UP TO 1000 MHz: ANTENNA TYPE, THE RESONANCE FREQUENCY,  CAPSULE SIZE, IMPEDANCE MATCHING BANDWIDTH, AND RADIATION PERFORMANCE IN THE REPORTED PHANTOM ARE SUMMARIZED the detuning effects due to varying tissue properties throughout the GI tract. Recent research has shown embedded [24] - [33] and conformal structures [7] , [9] , [17] , [34] - [41] , [43] - [45] as promising capsule antenna types. Embedded antennas are placed inside the capsule cavity. The conformal structure utilizes only the surface of the capsule module and leaves the interior for other components. It allows the most effective use of the available surface area of the capsule so that the antenna to be larger for better radiation performance [39] . In order for the capsule antennas to be insensitive to surrounding human tissue, magnetic antennas such as loop antennas are preferred over electric antennas [24] , [46] . Table I shows a comparison of reported capsule antennas in the literature operating up to 1000 MHz. In [42] , an implantable loop antenna is presented with −10 dB impedance matching from 300 MHz to about 2500 MHz. The implantable antenna was simulated in a human arm model composed of muscle tissue, so its applicability to WCE is not obvious. Among the reported capsule antennas for the WCE systems, Alrawashdeh et al. [41] report an outer wall conformal antenna with the widest −10 dB impedance matching bandwidth, denoted as BW −10 dB hereinafter, of 785 MHz. However, this paper did not report experimental validation of the matching. More importantly, none of the reported antenna solutions discusses implications on link path loss. In this paper, we propose a novel ultrawideband capsule antenna that realizes superior BW −10 dB to existing designs and study its implications on link path loss.
C. Review of On-Body Antennas for WCE
The on-body antenna should be compact and planar so that it can be easily attached to the abdomen of the patient. The antenna should also show wideband impedance matching to tolerate possible detuning effects during installation to different patients and body parts. In the literature, we find several designs of on-body antennas [10] , [13] - [15] , [23] , [47] , but they focus on frequencies above 500 MHz. A summary of reported planar on-body antennas working below 500 MHz is shown in Table II . The antennas in [48] - [50] are not in direct contact to the skin. In [51] , a monopole dual-band antenna with BW −10 dB = 90 MHz is presented. However, the antenna was evaluated with a human arm model, so its performance on the human abdomen is not obvious. Our design of on-body monopole antenna takes advantage of two existing methods, that is: 1) modification of ground plane geometry and 2) addition of inductive patch, which have not been exploited together. The combination of two methods allows us to bring the resonant frequency to as low as 433 MHz, while achieving the widest BW −10 dB in the literature, making our antenna most robust to detuning effects during installation and operation of the WCE. We realized the intended performance with the compact onbody antenna size as illustrated in Table II .
D. Summary of Novelty and Contributions
With the proposed in-body loop and the on-body antennas, this is the first paper that studies their implications on path loss, considering effects of capsule orientation and position, in order to demonstrate the suitability of the proposed antenna systems for improved WCE. The contributions of this paper are therefore threefold: 1) We demonstrate an IB2OB radio link with low enough path loss to maintain sufficient SNR at the on-body receiver for the improved WCE [5] , regardless of in-body capsule locations and orientations. 2) We develop novel ultrawideband conformal outer wall loop antenna for capsule transmitter. The BW −10 dB of the capsule antenna is 795 MHz, significantly outperforming the state-of-the-art [40] of 254 MHz. 3) We develop a novel on-body receiver monopole antenna with a small size of 59 mm × 52 mm, while showing the resonance at 433 MHz and a very wide BW −10 dB of 117 MHz. The remainder of this paper is organized as follows. Section II illustrates the proposed capsule antenna configuration and simulations, while on-body antenna structure and simulations are described in Section III. Section IV addresses the experimental validation of the capsule and on-body antenna, and path loss. Finally, Section V concludes this paper.
II. CAPSULE ANTENNA DESIGN AND SIMULATIONS

A. Antenna Structure
The proposed antenna is a loop antenna patterned on a 100 μm thick flexible substrate Preperm 255, which allows bending and wrapping around the capsule. Relative permittivity, ε r , and loss tangent, tan δ, of the substrate are 2.55 and 5.0 × 10 −4 , respectively. Copper of 19 μm thickness is used as a conductor material on the substrate. The proposed antenna before and after wrapping it around the capsule is shown in Fig. 1 . The antenna utilizes the outer wall of the cylinder and one dome of the capsule module, whereas the other dome remains free for the camera and other optical components. The capsule module is made of polystyrene with ε r = 2.6 and tan δ = 0.05 at 1 GHz. The thickness of the capsules' wall, diameter, and length of the capsule are 0.5 mm, 11 mm, and 27 mm, respectively. The antenna does not have a ground plane in order to avoid strong mirror current, which reduces antenna efficiency. Besides other parameters of the antenna change compared [52] , an additional slot has been introduced in each loop arm as shown in Fig. 1(a) to enhance bandwidth. The dimensions of the loop have been optimized to resonate at 433 MHz as summarized in Table III . The feeding point of the antenna in the simulations is indicated by a red triangle in Fig. 1(b) . The proposed capsule antenna is an extension of the authors' own work [52] . The technical advances of the present paper compared to [52] include 1) improved bandwidth by optimizing antenna structure and dimensions; 2) numerically evaluating resonance and radiation performance using a single-layer colon phantom as well as a CST Gustav voxel human body model; 3) conforming the antenna on a realistic capsule module; and 4) a study of the specific absorption rate (SAR).
B. Capsule Implementation and Operating Environments
A single-layer colon-tissue phantom model with dimensions of 235 mm × 225 mm × 100 mm was used for designing and optmizing the proposed antenna. The antenna arrangement in Fig. 1(b) was implanted at the center of a colon tissue phantom as visualized in Fig. 2 . Since the colon is one of the organs of the human GI tract, we used a colon-tissue phantom instead of widely used muscle tissue. The dielectric properties of the colon tissue are frequency dependent, and for 433 MHz, they are listed in Table IV . We considered the frequency dependency when simulating antenna matching across a wider bandwidth centered at 433 MHz. The CST Studio Suite 2017 was used for the simulations.
1) Reference Case: First, the capsule antenna without biocompatible layer and electronic components in the capsule was placed in the center of the colon-tissue phantom as shown in Fig. 2 ; Y -oriented means that the longest dimension of the capsule is aligned with the y-axis. The distance between the center of the capsule to the top of the phantom, D, and to the side wall of the phantom, H , are 50 mm and 117.5 mm, respectively. Fig. 3 shows the simulated magnitude of a reflection coefficient, |S 11 |. The antenna exhibits double resonances, at 438 and 905 MHz. The −10 dB impedance matching is achieved across 309-1104 MHz, which covers the entire band of interest. The peak realized gain of the antenna is −35 dBi at 433 MHz, whereas radiation efficiency is −37 dB (0.02%). Since antenna operates inside the very lossy medium, the low radiation efficiency is expected. The E-plane and H-plane cuts of the simulated realized gain patterns of antenna are shown in Fig. 4 . It can be seen that the proposed antenna shows omnidirectional radiation pattern. Note that the peak realized gain of the antenna is affected by the distance from the body surface. In the following studies, this serves as the baseline, and the above-mentioned settings and the same colon-tissue model are used unless otherwise stated.
2) Comparison With the Existing Design: An implantable loop antenna was presented in [42] . It was wrapped on the outer wall of a cylinder made of propylene with the diameter of 10 and length of 15 mm. The compact size and ultrawideband impedance bandwidth make it a potential candidate for a capsule endoscope. However, the operating environment of the WCE was not considered when evaluating antenna performance. We recreated the antenna and wrapped on the outer wall of a capsule with the dimensions of 25 mm × 10 mm including two domes. The thickness of the capsule wall and dielectric properties are the same as defined in Section II-A. A battery made of copper with the dimension of 7.5 mm × 6 mm as defined in [42] was placed in the center of the capsule, whereas remaining space was filled with air. The Y -oriented capsule was placed in the center of the colontissue phantom as shown in Fig. 2 . The simulated |S 11 | is compared with our proposed antenna in Fig. 3 . The existing design shows BW −10 dB of 271 MHz centered at 500 MHz and at above 1 GHz. Our design shows much wider BW −10 dB at the target band below 1 GHz and hence more robust against changes in the environment, e.g., different tissues in the GI tract. In addition, the simulated realized gain of the antenna in [42] at 433 MHz is −38 dBi, which is 3 dB smaller than the proposed antenna. Our capsule antenna outperforms the existing design in both bandwidth and realized gain at the target frequency band.
3) Operating Principle and Parametric Studies: To illustrate the antenna's operating principle, the current distribution of the antenna at the center of the phantom is presented in Fig. 5 . With the optimized dimensions in Table III , the circumference of the loop is approximately one wavelength in the colon tissue at 433 MHz. Thus, the resonance of the antenna is caused by the mode of a typical full-wavelength loop. This means that on the loop, we can observe two sections with oppositely phased currents and two locations with zero current. The change in the current direction takes place at the center of the radiating loop arms. Due to the geometry chosen for the wrapped antenna, the maximum currents flow in the same direction at each end of the loop, as is illustrated in Fig. 5 . This results in a constructive radiation by both current maxima.
For parametric studies, we consider the Y -oriented capsule antenna at the center of the phantom (see Fig. 2 ). The most important parameters of the proposed antenna design were the distance of the slot from the bottom of the antenna and the thickness of the slot dimension, i.e., ss and d1, respectively, as indicated in Fig. 1(a) . We begin investigating the effect of the slots on the antenna matching. Fig. 6(a) shows that the simulated |S 11 | with and without slots in the antenna geometry. The total physical length of the loop without slots is around 55 mm, which is approximately λ 0 /12 where λ 0 = 692 mm is the wavelength of a radio wave at 433 MHz in vacuum. Since the loop is sandwiched between the substrate and lossy tissue, the effective relative permittivity for the combined substrate-tissue medium is approximately 32.3. With this effective permittivity, the 55 mm long loop inside the tissue medium is approximately a wavelength at 500 MHz, leading to a resonance shown in Fig. 6 (a) with BW −10 dB of 572 MHz. After introducing the slots with ss = 5 mm and d1 = 1.5 mm, another resonance appears at around 900 MHz. Thus, the bandwidth increased by 166 MHz by introducing the slots. Since the slots with ss = 5 mm do not increase the loop length, the first resonance remains at around 500 MHz.
Parametric studies have been performed to determine the position of the slots to shift the first resonance down to 433 MHz and to enhance the bandwidth. We changed ss from 5 to 1.5 mm. Fig. 6(b) shows the effect of the slot position on the resonance and bandwidth. With ss = 1.5 mm, the maximum physical loop length of 70 mm is achieved, thus the fundamental resonance shifted to 438 MHz, whereas second one remains at 905 MHz. Results show 57 MHz improvements in BW −10 dB as we decrease ss from 5 to 1.5 mm. In addition, Fig. 6(c) shows the effect of d1 on matching. The first resonance moves from 460 to 438 MHz as d1 increases from 0.5 to 1.5 mm. We found that the slots introduce an additional resonance for enhanced bandwidth and that their dimensions and position determine the resonant frequency. For our goal to achieve a resonance at 433 MHz with maximum bandwidth, we choose ss and d1 to be 2.5 and 1.5 mm, respectively.
Biocompatibility is the property of materials that do not cause any toxic reactions, effects, or injuries in the human body. The materials also isolate the capsule from the moist and corrosive environment inside the GI tract. Because the antennas are made of nonbiocompatible materials and they are on the outer wall of the capsule, an introduction of a biocompatible insulation on the antenna is inevitable in practice. Required thickness of the biocompatible layer is studied for a popular material of low-loss polyamide with ε r = 4.3 and tan δ = 0.004 [53] . A Y -oriented capsule antenna with 0.1-mm and 0.2-mm-thick polyamide layer was simulated at the center of the colon-tissue phantom shown in Fig. 2 . Fig. 6(d) shows the |S 11 | of the capsule antenna with and without biocompatible layer. As expected, the antenna resonance shifts slightly up in frequency, because the biocompatible layer reduces the dielectric loading effect. However, |S 11 | remains below −10 dB between 400 and 600 MHz and maintains ultrawideband characteristic.
4) Effects of Capsule Orientations:
As it is impossible to control the orientation of the capsule during endoscope operation, its orientation is considered random. We numerically evaluate the changes in antenna matching for three different orientations of the capsule at the center of the colontissue phantom in Fig. 2 . Antenna matching for X-, Y -and 45 • slanted in Y Z-oriented capsule is shown in Fig. 7(a) . The results demonstrate that the capsule orientation does not have a significant impact on the antenna resonance, as can be expected inside a large homogeneous phantom. The peak realized gain at 433 MHz of the X-oriented, Y -oriented, and 45 • slanted (in Y Z-plane) capsule antenna is −34.5, −35, and −32 dBi, respectively. The variation of the peak gain across different orientation is not significant.
5) Effects of Different Tissues:
As a capsule travels through the entire GI tract, it experiences a significant change in relative permittivity and conductivity depending on the surrounding tissues, as presented in Table IV [54] . Fig. 7(b) shows |S 11 | for different surrounding tissues of the phantom in Fig. 2 , indicating slight decrease in the antenna's resonance frequency in the stomach and small intestine due to the higher ε r than the colon. Furthermore, matching bandwidth is enhanced when the antenna is in the small intestine. Since the quality factor of the capsule antenna in the small intestine is the smallest due to the highest tan δ, the antenna shows the largest matching bandwidth among other tissues. As a muscle tissue phantom is frequently used for the performance evaluation of capsule antennas in [7] , [25] , [34] , [35] , [44] , and [55] , we evaluated the antenna matching in muscle tissue as well. The antenna in muscle tissue resonates at a slightly higher frequency due to lower ε r . Despite clear variations in the antenna resonance across tissue types, |S 11 | remains below −10 dB between 336 and 1065 MHz in all cases.
6) Effects of Electronic Components in the Capsule:
The capsule transmitter comprises electronic components, such as illuminating light, telemetry unit, camera, and battery, among which the battery occupies the largest volume. The effect of these electrical components on |S 11 | was numerically simulated for varying sizes of the battery and its position inside the capsule. The battery was modeled as a cylinder made of a perfect electric conductor with 7.5 or 8.5 mm diameters and 7.2 mm height and was placed at either the bottom or center of the capsule. Results are shown in Fig. 8 , indicating that the battery with 8.5 mm diameter slightly increases the resonance frequency of the antenna compared to a hollow capsule. The antenna still maintained |S 11 | lower than −10 dB and a sufficiently wide matching bandwidth around 433 MHz.
C. Resonance, Radiation, and Specific Absorption Rate in a Realistic Human Body Model
The resonance and radiation performance of the capsule antenna was studied with 3-D CST Gustav voxel human body model. The height and age of the male human model are 1760 mm and 38 years, respectively. Due to the limited computing resources, only a torso with the dimensions of 290 × 230 × 100 mm 3 was considered, which is comparable with the dimensions of the single-layer colon phantom shown in Fig. 2 . The origin of the coordinate system as well as three implant positions of the Y -oriented antenna in the human body model are illustrated in Fig. 9 . When implanted in the colon, stomach, and small intestine, the capsule is approximately 50, 60, and 75 mm away from the nearest body surface, respectively. The simulated |S 11 | of the optimized capsule antenna without electronics and biocompatible layer with three implant positions are presented in Fig. 10 . The results demonstrate that for the proposed antenna, |S 11 | is better than Fig. 7(b) indicates the suitability of using the simplified colon phantom in Fig. 2 for the capsule antenna design. The simulated peak realized gain for the implant location in colon was −23.5 dBi, whereas it was −26 dBi for the antenna implanted at the same depth in the single-layer colon phantom shown in Fig. 2 . The simulated peak realized gain is −26.8 and −29.7 dBi for the capsule antenna implanted in the stomach and small intestine of the anatomical body phantom, respectively. The antenna in small intestine shows a lower peak gain due to the higher tissue conductivity compared to colon and stomach.
Since the capsule antenna needs to operate inside the human body, radiation safety should be discussed. There is a maximum allowable power radiated from the capsule antenna. The SAR is the rate of energy deposited per unit mass of tissue. The IEEE C95.1-1999 [56] and C95.1-2005 [57] specify that 1 and 10 g averaged SAR should be less than 1.6 and 2 W/kg, respectively. The SAR calculator in CST Microwave Studio, therefore, numerically estimated the maximum allowable input powers to the Y -orientated capsule antenna implanted at three different positions in the CST Gustav voxel human body model. The results demonstrate that the capsule antenna is safe to be used at the transmit power less than 7.1 and 28 mW in colon, 5.0 and 24 mW in small intestine and 7.2 and 25 mW in stomach for the 1 and 10 g averaged SAR, respectively. The low gain of −35 dBi of the capsule antenna along with the low transmit power of −10 dBm ensures that the EIRP is well below the regulated maximum EIRP max of −13 dBm at 433 MHz [58] . Section III deals with the on-body antenna designs and numerical studies.
III. ON-BODY ANTENNA DESIGNS AND SIMULATIONS
Antennas of the receiver unit of a WCE system are placed directly on the human body. In Sections III-A and III-B, we introduce our antenna and optimize its dimension by studying resonance and radiation performance using the single-layer colon tissue phantom introduced in Section II-B. Furthermore, we evaluate them also using the 3-D CST Gustav voxel human body used in Section II-C. The simulation results of the antenna on a single-layer phantom will be compared to corresponding phantom measurements in Section IV-B, whereas the results with the antenna on anatomical human body model will be validated through ex vivo measurements on a test person.
A. Antenna Structure and Optimization
Printed monopole antennas have been considered as a suitable candidate for the on-body receiver unit of WCE systems due to its planar shape, wideband matching, and easy miniaturization and manufacturing. A meandered arm monopole with a partial ground plane was used to realize a compact size and increase efficiency [59] and to improve impedance matching level and bandwidth [60] , [61] . The proposed radiating meandered monopole was patterned on one side of the substrate and a partial ground plane was printed on the other side as illustrated in Fig. 11(a) and (b) , respectively. A 1.5 mm thick FR4 with ε r = 4.3 is used as the substrate, whereas 19 μm thick copper is used as a conductor to pattern the monopole and ground plane. A loaded patch at the end of the meandered monopole was added [see Fig. 11(a) ] as a tuning structure. In addition, two small parallel extensions to the ground plane [see Fig. 11(b) ] were added to increase its electrical length and they keep the resonance at 433 MHz.
The antenna was placed in the center of the outer wall of the colon-tissue phantom model as shown in Fig. 12 . For consistency with setups of the measurement described in Section IV-A2, a 0.5 mm thick plastic container with ε r = 1.88 and tan δ = 0.005 was included in the simulation model. An SMA edge connector was used as the antenna feed, but it prevented the antenna from being fully touching the surface of the phantom during measurement. So, this gap of 1 mm between the antenna and plastic container was introduced also in the simulations. Keeping all parameters constant and without any modifications to the ground plane, a parametric study was performed on the length of the loaded patch, i.e., p between 2 and 20 mm, which acts as an inductive loading element. With p = 2 mm, the antenna resonated at around 520 MHz with BW −10 dB of 110 MHz and the resonance frequency decreased with increasing p. The maximum obtainable BW −10 dB of 117 MHz was achieved for p = 18 mm, but the resonance frequency was slightly higher than desired. After adding two parallel extensions to the ground plane [see Fig. 11(b) ], the resonance frequency was tuned to the desired 433 MHz as shown in Fig. 13 , while BW −10 dB remained 117 MHz. The optimized dimensions of the antenna are presented in Table V . The simulated peak realized gain is −18 dBi. 
B. Antenna Performance on Realistic Human Body Model
The resonance and radiation performance of the antenna were evaluated using a 3-D CST Gustav voxel human body model. The dimensions of the human body torso used in the numerical simulations are same as in Section II-C. According to [22] , the antenna was placed directly on the leftside abdominal skin of the torso. The simulated |S 11 | shown in Fig. 13 depicts that the antenna resonates at 360 MHz. The downward shift of the resonance frequency is reasonable since the antenna was in direct contact with the skin tissue. However, the antenna maintains the |S 11 | less then −10 dB at 433 MHz. The simulation results show that the proposed antenna is indeed robust against different installations on the human body. The simulated peak realized gain of the antenna is −16.5 dBi. Finally, the SAR was estimated using CST Microwave Studio. We found that the maximum allowable input powers to the antenna placed on the abdomen of CST Gustav human body model are 18 and 82 mW for the 1 and 10 g averaged SAR, respectively.
IV. ANTENNA FABRICATION AND MEASUREMENTS
A. Capsule Antenna 1) Fabrication:
The fabricated capsule antenna before wrapping on the capsule module is presented in Fig. 14(a) . Since a broadband surface mount balun and an SMA connector will be used to feed the antenna in the in vitro measurement, the footprints of the balun and the SMA connector were also fabricated along with the antenna. The antenna was fabricated on the same flexible substrate material as defined in Section II-A; details of the fabrication process are described in [52] . The dimensions of the flat capsule antenna follow in Table III , and it was wrapped around the outer wall of a standard capsule module as illustrated in Fig. 14(b) . The capsule module is made of polystyrene with ε r = 2.6 and tan δ = 0.05 at 1 GHz. The diameter and length of the capsule are 11 mm and 27 mm, respectively, whereas the thickness of the wall is 0.5 mm. After wrapping the points A and B in Fig. 14(a) were soldered together to form the loop. The biocompatible layer and any components inside the capsule were not included in the measurement.
2) Measurement Setup: The in vitro measurement setup for the capsule antenna is illustrated in Fig. 15 , which consisted of a vector network analyzer (VNA) and a rectangular-shaped plastic container forming the phantom. The container has approximately the same size as the phantom used in the simulations in Section II-B (see Fig. 2 ). It was filled with a liquid mimicking the colon tissue. The liquid was formulated by mixing 79% salted water and 21% TritonX-100. The mixing process consists of the following steps: dissolving the salt in distilled water as 7.85 g/L and heating the TritonX-100 and salted water at 40 • C separately before mixing. We used HP 8720C network analyzer and 85070A dielectric probe kit [52] based on the transmission line propagation method to measure the electrical properties of the liquid phantom. The measured permittivity and loss tangent values at 433 MHz were 61.4 and 0.60, respectively, emulating the dielectric properties of the colon tissue properly.
Since the proposed loop antenna is balanced, the current leakage would be a possible problem when connecting with an unbalanced transmission line, such as a coaxial cable. We used balun instead of the setup in [52] to measure the balanced capsule antenna using an unbalanced connector. For differential feeding, we used similar approach reported in [39] . A wideband surface mount balun (Analen B0322J5050AHF) was used at the feeding point of the antenna. Balance ports of the balun were connected to the antenna, whereas center and outer conductors of an SMA connector were soldered to the unbalanced port and ground of the balun, respectively. During the measurements, we used a layer of sticky rubber with ε r = 2.2, tan δ = 5.0 × 10 −4 around the feeding components, i.e., a balun, an SMA connector, and a coaxial cable to avoid the direct contact with the liquid [25] , [53] . As the VNA was calibrated on the reference plane of the SMA connector, capsule antenna with the SMA connector was simulated to test its impact on matching. Since the SMA connector was isolated from the liquid, we found a negligible impact on matching. The SMA connector inside the sticky rubber works almost as in free space at the designed frequency band. The proposed capsule antenna, which was inserted in the colon liquid phantom, was connected to port-1 of the VNA, while the port 2 in Fig. 15 was open-ended in matching measurements.
3) Results: The comparison of the simulated and measured |S 11 | of a Y -oriented capsule antenna at the center of the liquid phantom is presented in Fig. 16 . The simulated plot is identical to the one in Fig. 3 . The results show that the measured plot matches simulated one quite well. The lower resonance is slightly shifted upward to 455 MHz, whereas the second resonance is at 905 MHz as in the simulations. The measured matching at 433 MHz is 5 dB better than in the simulations. Comparison of simulated and measured reflection coefficients. Y -oriented capsule antenna at the center of the phantom; the simulated curve is identical to the one in Fig. 3 . Fig. 17 .
Comparison of simulated and measured reflection coefficients for different orientations of the capsule at the center of the phantom; the simulation results are taken from Fig. 7(a) .
This might come from the fabrication process of the prototype. Since the fabricated antenna was attached on the outer wall of the capsule, there might be small air gaps between the antenna and capsule wall. The measured |S 11 | of the proposed capsule antenna is better than −10 dB across the frequency range from 280 to 1057 MHz, which agrees well with the simulated matching bandwidth.
Several more measurements were performed with the different orientations of the capsule in the phantom as discussed in Section II-B4. Fig. 17 presents the comparison of simulated and measured |S 11 | of the antenna for three orientations of the capsule at the center of the phantom. Though slight differences in the resonance behavior are evident, the results show the robustness of the antenna design and experimentally validate the simulated results. The measured |S 11 | is better than −10 dB for at the target frequency band regardless of the capsule orientations. Table I shows a comparison of reported capsule antennas in the literature, and designed frequencies are up to 1400 MHz. The matching bandwidth of the proposed capsule antenna exceeds the existing solutions, while the realized peak gain is comparable. It should be noted that for amore accurate comparison of the realized gain, all solutions would need to be investigated in the same setup using a phantom with identical geometry and dielectric properties. Simulated and measured reflection coefficients of the on-body antenna on the liquid phantom; the simulation curve is taken from Fig. 13 . 
B. On-Body Antenna
The on-body antenna was fabricated on the same FR4 substrate as in the simulation, detailed in Section III-A. The fabricated on-body monopole antenna is shown in Fig. 19(a) . The in vitro measurement was performed using the liquid phantom, introduced in Section IV-A2, and shown in Fig. 15 . The on-body antenna was placed on the outer wall of the liquid container and connected to the VNA port-2 through a coaxial cable, whereas VNA port-1 was open-ended during this measurement. A good aggrement between the simulated and measured |S 11 | is achieved, as can be seen in Fig. 18 . The antenna resonates at 420 MHz, with −10 dB impedance bandwidth of 120 MHz.
In addition to measurements with the phantom, the antenna matching was studied with a real human body of BMI 22 in a laboratory environment. In agreement with the simulations in Section III-B that use the realistic human body model, the ex vivo measurements include the on-body antenna placed on the abdominal skin directly. Fig. 19(a) shows the ex vivo measurement setup. Fig. 19(b) presents the measured and simulated |S 11 | having a similar profile, though their best matching level differs. Nevertheless, the on-body antenna resonates at 360 MHz as in the simulations with the CST Gustav voxel human body model. The comparison consistently shows better matching than −10 dB at 433 MHz.
C. Path Loss
The IB2OB link path loss was studied using the proposed antennas. The homogeneous colon tissue phantom model was considered both in simulations and measurements. The simulation uses a time domain full-wave solver. The path loss for a particular capsule and on-body antenna location is defined as the ratio of the input power at the transmit capsule antenna port to the output power at the on-body antenna port. In terms of transmission coefficient of the two-port network, it is expressed as P L| dB = −10 log 10 |S 21 |. Fig. 20 illustrates the path loss simulation setup. Three different orientations of the capsule are considered, such that they are along the x-axis, y-axis, and 45 • slanted on the YZ-plane. For each orientation, the transmit-receive distance was changed by moving the capsule antenna along y-axis away from the receive antenna, i.e., P increases, while maintaining the same D = 50 mm. The distance between the antennas includes 0.5 mm thickness of phantom's plastic container and 1 mm air gap between the on-body antenna and phantom's wall. The path loss was estimated at six distances between P = 20-120 mm for each of the above-mentioned capsule orientations. The corresponding in vitro measurements were performed using the liquid phantom introduced in Section IV-A2 as shown in Fig. 15 . The capsule and on-body antennas were connected to the VNA ports 1 and 2, respectively. The simulated and measured path losses are plotted together in Fig. 21, showing their close agreement for all the tested capsule orientations. The mean simulation path loss error is −0.4, −0.4, and −0.3 dB for the X-, Y -, and YZ-oriented capsule, respectively, whereas standard deviation is 1.3, 2.1 and 1.4 dB. The minimum path loss is observed when the capsule antenna is 45 • slanted in the YZ-plane. The maximum path loss of 50 dB is observed in the measurement when capsule antenna is Y -oriented at the center of the phantom. The path loss differences across capsule orientations are mainly due to polarization mismatch between in-and on-body antennas. The simulated axial-ratio of fields towards −y-axis direction at 433 MHz for the YZ-, X-, and Y -oriented capsules at the center of the colon-tissue phantom is 8.4, 9, and 13 dB, respectively. The values indicate elliptical to linear polarization of the transmitted far fields. The path loss of the Y -oriented capsule is slightly higher probably due to more pronounced polarization mismatch than in other orientations.
The robustness of the radio link across orientations was further checked through simulations. With the 120 mm separation between the antennas and D = 50 mm, the capsule was rotated on the Y Z-plane with θ = 10 • steps, as defined in Fig. 20 . The maximum and minimum path losses were 49.3 and 46.6 dB at the θ angles of 60 • and 290 • , respectively, the 2.7 dB difference between maximum and minimum path loss may be attributed to the extent of polarization mismatch. The outage path loss for 5% probability is 49.2 dB. Regardless of antenna locations and orientations, the simulated and measured path losses were less than 50 dB.
D. System Requirements and Link budget
Finally, we show the link budget analysis to demonstrate that our antenna system enables the improved WCE presented in [5] . We adopted the same approach as reported in [5] but using the proposed realistic capsule and on-body antennas. Let us consider the images from the GI tract are compressed through loss-less JPEG coding technique, which has a compression rate of 0.5. The total number of pixels per image is 288 × 288 and each of those is compressed by 8-bit quantization levels. For this compression, the required data bit rate is 1.99 Mbps for a transmission of 6 images per second [5] . We considered uncoded Gaussian minimum shift keying (GMSK) as a modulation scheme, which is capable of providing the required bit rate and has been adopted as a mandatory for 420 to 450 MHz bands in IEEE 802.15.6 standard [6] . The receive SNR of 14 dB is required to maintain bit error rate (BER) less than 1 × 10 −6 [62] . The input power to the capsule antenna port is set to −10 dBm. By considering the maximum measured path loss of 50 dB with our antenna system, the smallest received power at the on-body antenna is −60 dBm. Note that the measured path loss includes the gain of the antennas. The channel spans from 433.05 to 434.79 MHz and, hence, the bandwidth BW is 1.74 MHz. With 10 dB noise figure N F at the receiver, the total noise power N = −101.3 dBm. Even after subtracting the fading margin M = 10 dB and implementation loss I L = 6 dB, we have the SNR of 25.3 dB, which is 11.3 dB larger than the required SNR to achieve BER less than 1 × 10 −6 . Setting the link margin to be 0 dB the maximum acceptable path loss of 75.3 dB yields. The maximum measured path loss of 50 dB with our antenna system is 25.3 dB smaller than the maximum acceptable path loss. A summary of the 
V. CONCLUSION
In this paper, we present novel small antenna solutions of an improved WCE operating at 433 MHz ISM band. An ultrawideband conformal loop antenna is proposed for the in-body transmitting capsule, while the on-body receiving antenna is a printed monopole with a partial ground plane. The in-body antenna utilizes the outer wall of the capsule and leaves the inner space for the other electronic components. For a required impedance matching of −10 dB, the proposed antenna supports a bandwidth of 795 MHz, from 309 to 1104 MHz. The ultrawideband matching enables the capsule antenna to overcome the detuning effects especially due to the proximity of the capsule to various different tissues in the GI tract. The on-body antenna was numerically evaluated on a colontissue phantom and on a realistic human body model. In vitro measurements on a liquid phantom and ex vivo measurements on a real human body were performed for validations. The measured −10 dB impedance matching from 384 to 501 MHz shows a good agreement with simulated results. The path loss for the radio link between an in-body capsule transmitter and an on-body receiver was studied using the proposed antenna solutions. The maximum link path loss penalty due to polarization mismatch was only 2.7 dB. Finally, the link budget analysis shows that the proposed antenna system is capable of maintaining high SNR at the receiver for all the capsule orientations and locations in the body, opening the way for improved ingestible WCE by supporting higher-data-rate radio links. Our future work includes implementation of dualpolarized antenna systems for WCE that utilizes polarization diversity.
